ABSTRACT The parallel structured fiber-optic Fabry-Perot interferometer (FPI) is theoretically proposed and experimentally demonstrated for transverse load measurement based on Vernier-effect. This kind of sensor consists of a hollow microsphere cavity fiber-optic FPI for sensing function and an air cavity for reference, both of which are parallel connected by a 3 dB optical fiber coupler with the functionality of Vernier-effect. Experimental results indicate that the proposed sensor can provide a high transverse load sensitivity of −3.75 nm/N, which is 3.4 times higher than single hollow microsphere cavity FPI. Moreover, with the excellent features of low cost, easy fabrication, and stable sensing, the parallel structured FPIs proposed will provide a new vision for high sensitivity transverse load sensing.
I. INTRODUCTION
Recently, fiber-optic Fabry-Perot interferometer (FPI) has drawn great attention and been widely used for various physical quantities sensing, such as temperature [1] , [2] , strain [3] - [5] , refractive index [6] , [7] , pressure [8] - [10] and et al. [11] , due to its huge advantages of stability, reliability, compactness and ease of fabrication. Nowadays, the transverse load sensor is of great potential and plays an important role in monitoring structural healthiness. The transverse load sensor has been reported based on fiber-tip FPI-like micro-cavity with the sensitivity of ∼1.37 nm/N being obtained [12] . Then, the single-cavity fiber-optic FPI is also applied for transverse load sensing to acquire transverse load sensitivity of ∼1.31 nm/N in the two wave mode [13] . A Fabry-Perot
The associate editor coordinating the review of this manuscript and approving it for publication was Sukhdev Roy. air bubble microcavity fabricated between a section of single mode fiber and a multimode fiber is proposed and sensitivity of 2.11 nm/N is obtained [14] . However, it is difficult to have major breakthroughs in the sensitivity improvement through structural design. We have to find another path to further enhance the performance. Fortunately, the Vernier-effect can be realized in fiber-optic interferometer to improve sensitivity Leveraging on the small scale difference between the vernier and the main ruler, Vernier-effect was initially used to improve the length and air pressure sensing precision via vernier caliper and barometers. Recently, Vernier-effect is realized in the field of optical fiber sensing to improve sensing sensitivity by utilizing two fiber-optic interferometers as fixed and moving parts of Vernier caliper respectively. Some configurations have been proposed to realize the Verniereffect, such as two cascaded FPIs [15] , [16] , two cascaded MZIs [17] , [18] , two cascaded fiber loops [19] , a Sagnac loop and a F-P cavity [20] . However, all above proposed configurations are of cascaded configurations, which is difficult to make one interferometer (as fixed part of the Vernier caliper) to be insensitive while the another (as moving part of the Vernier caliper) to be sensitive to the sensing parameter.
In our work, we propose paralleled configuration based on two in-line FPIs for transverse load measurement based on Vernier effect. In our scheme, the sensing and reference cavity can be separately fabricated, so as to effectively and conveniently devise various shapes of cavity. Instead of the cascaded structure, the paralleled structure can make the reference cavity to be not in the sensing environment, which is more effective in system stability than cascaded structure. The parallel-structured fiber-optic FPI achieves high transverse load sensitivity of −3.75 nm/N, approximately 3 times the sensitivity of a transverse load sensor based on the hollow microsphere cavity FPI. Moreover, this proposed paralleled connection scheme for shows a brand-new perspective for high sensitivity transverse load sensing applications.
II. DEVICE FABRICATION, SIMULATION AND OPERATING PRINCIPLE
The manufacturing process of the hollow microsphere cavity FPI is shown in Fig. 1(a)-(c) . First, a section of hollow core fiber with external diameter of 125 µm and inner diameter of 50 µm, was spliced to the SMF (Corning SMF-28) by the fusion splicer (Fujikura 80s). To guarantee that hollow core fiber was not totally collapsed, fusion parameters were set to: shorter arc duration time of 400 ms, low arc power of −100 bit and electrical arc deviating of 120 µm from splice point. Then, long arc duration time of 2000 ms, tremendously strong arc power discharge of 70 bit, and arc deviating of 150 µm from splice point was set to ensure that the hollow core fiber was totally collapsed and cut off. Finally, SMF was spliced to the end of the hollow microsphere. The manufacturing process of the air cavity Fabry-Perot interferometer is seen in Fig. 1(d) -(f). First, a section of hollow core fiber with external diameter of 125 µm and inner diameter of 50 µm, was spliced to the SMF. Then, as seen in Fig. 1(e) , the hollow core fiber was cleaved with 150 µm by optical fiber cleaver under the microscope. Finally, as shown in Fig. 1(f) , the cleaved hollow core fiber was spliced to another SMF to shape air-cavity.
The intensity of the reflection spectrum for air cavity FPI can be written as
where I 1 and I 2 represent respectively the light intensities reflected at the M 1 and M 2 , and φ is the phase shift of air cavity. FSR of the reflection spectrum of the hollow microsphere cavity and the air cavity FPI can be written as
where L 1 and L 2 are respectively length of the hollow microsphere cavity and the air cavity. In our experiment, the hollow microsphere and air cavity FPI act as moving and fixed part of the Vernier caliper, respectively. Fig. 2 shows the schematic diagram of the transverse load sensor based on paralleled structure of two FPIs connected through 3 dB optical fiber coupler. In term of Eq. (1), the intensity of the reflection spectrum of the two FPIs can be simplified as:
where 4 , are the reflection coefficients of M 1 , M 2 , M 3 and M 4 , respectively; I 00 and I 01 are the light intensities after the incident light passes through the 3dB coupler; k is the transmission loss of the resonant cavity L; α and β are respectively the phase difference of the hollow microsphere cavity and air cavity FPI. Calculated output light intensity of the paralleled FPIs is
Afterward, we convert the reflected light intensity into logarithmic form. In our simulation, the parameters are set as follows: 
where a, b, and c are the reflection of single air cavity, single hollow microsphere cavity and paralleled hollow microsphere cavity and air cavity, respectively. I 0 is incident light intensity.
In our experiment, α is the sensing FPI's phase difference. When the optical path difference (OPD) of the sensing FPI increases, α increases, thus wavelength red shift when α increases. Because the low frequency signal determines the envelope of the paralleled structure, |α − β| decreases when the OPD of the sensing FPI increases, thus it has a blue wavelength shift when α increases, too, as shown in Fig. 3 . The blue line and the green line are the initial spectrum and the shifted spectrum, respectively. The dotted line is the fitted envelope spectrum.
The Vernier-effect can be achieved by choosing the cavity lengths to make the FSR of one cavity close to another cavity but not equal. The paralleled superposition spectrum is formed in the shape of comb-like fine spectrum and large envelope, as shown in Fig. 3(c) . The envelope is acquired by a curve fitting method and the period of the envelope, FSR envelope [16] , [20] , [21] , is given by
Compared to the wavelength shift of the single sensing FPI, the shift of the paralleled sensor is magnified by a factor of M [16] , [20] , [21] 
III. EXPERIMENT AND RESULTS
The output from a broadband light source (BBS) is introduced to the two parallel fiber FP cavity devices via 3dB coupler and the reflected light beams are received by an optical spectrum analyzer (OSA) (YOKOGAWA AQ6370D) with the resolution of 0.5 nm to record the spectrum, as shown in Fig. 2 . The wavelength of the BBS ranges from 1442 to 1642 nm.
The microscope image of the air cavity and the hollow microsphere cavity FPI are shown in Fig. 4 (a) and Fig. 4 (b) , respectively. Fig. 5 shows the spectrum of the air cavity FPI, hollow microsphere cavity and the paralleled air cavity and hollow microsphere cavity FPI. FSR R and FSR S are measured to be 8.1 nm and 11.8 nm, thus the calculated enhancement factor is 3.1. The resonant cavity lengths of air cavity and hollow microsphere cavity are 150 µm and 100 µm, and the microscope images are displayed in Fig. 4 (a) and Fig. 4(b) , respectively. In addition, the wall thickness of the hollow microsphere cavity is 37 µm.
To investigate the transverse load response of the single hollow microsphere cavity FPI, the hollow microsphere cavity FPI was horizontally placed between two parallel glass slides and the value of transverse load was controlled by adding weights on the glass slide from 0 to 100 g with a step of 20 g, as shown in Fig. 6 . Fig. 7 (a) is the spectral variation of hollow microsphere cavity FPI sensor under 0-0.98 N transverse load range with a step of 0.196 N. We slowly added weights to the glass slide, founding that the sensor reaches the measurement limit when the transverse load is 14.7 N. As can be seen from the diagram, when the transverse load increases, the interference spectrum exhibits a significant red shift. The transverse load sensitivity is 1.11 nm/N via tracking the movement of the reflection spectrum, as seen in Fig. 7 .
Afterward, transverse load response of paralleled FPIs structure is measure based on Vernier-effect where hollow microsphere cavity and air cavity FPI are acted as sensing and reference cavity, respectively. The same experimental method are as above. Figure 8 (a) displays the spectral variation of the paralleled sensor under 0-0.98 N transverse load range. The wavelength blue shift for the paralleled structure sensor with the transverse load increasing, which is consistent with our theoretical analysis above. By tracking the movement of the reflection spectrum, an ultra-high transverse load sensitivity were introduced each time the weight was added. Evidently, the wavelength shift of the paralleled sensor is much higher than the single hollow microsphere cavity FPI. The amplification factor of the experiment is about 3.4, which is in line with the theory, basically.
To research the temperature response of the single hollow microsphere cavity FPI, the hollow microsphere cavity FPI was inserted into a temperature control furnace to increase temperature from 50 • C to 200 • C. Fig. 9 shows the temperature sensing characteristics of the hollow microsphere cavity FPI. By tracking the movement of the reflection spectrum, a temperature sensitivity of 0.80 pm/ • C is obtained.
To research the temperature response of the paralleled sensor, the hollow microsphere cavity FPI with the higher transverse load sensitivity was inserted into a temperature control furnace to increase temperature from 50 • C to 200 • C. Fig. 10 shows the temperature response of the paralleled sensor under 50 • C and 200 • C. The wavelength blue shift for the paralleled sensor with the temperature rising, which is consistent with the theoretical analysis. By tracking the movement of the reflection spectrum, a temperature sensitivity of −3.33 pm/ • C is obtained. 
IV. CONCLUSION
In conclusion, in the transverse load measurement field, a transverse load sensor with ultra-sensitivity employing Vernier-effect improved paralleled structured fiber-optic FPI was first proposed and successfully demonstrated. The Vernier-effect is obtained by a paralleled structure consisted of a fiber-optic hollow microsphere cavity and a fiberoptic air cavity FPI. Experimental results show that the sensor based on paralleled structure has a high sensitivity of −3.75 nm/N. In general, the proposed parallel-structured fiber-optic FPIs scheme is expected to be widely used to high sensitivity sensing with the advantages of low cost, easy fabrication, and stable measuring. 
